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TITLE 

Hybrid Particle Composite Structures with Reduced Scattering 
INVENTORS 

Lindsay Bombalski, Krzysztof Matyjaszewski and Michael R. Bockstaller 

Support for the research provided by National Science Foundation Program DMR- 
0706265 andDMR-0549353. 

TECHNICAL FIELD 

The present disclosure is directed to the modification of particle surfaces with 
polymers to generate core-shell particle architectures with an effective refractive index equal 
to the respective refractive index of the envisioned embedding medium. This allows the 
physical properties of a composite material to be modified by the added core-shell particles 
without sacrificing transparency. 

BACKGROUND 

One of the fundamental problems in polymer composite technology is that the 
addition of organic or inorganic particles to a transparent polymeric matrix results in a loss of 
transparency, or generation of opaqueness, due to an increased degree of scattering resulting 
from the presence of the particle inclusions. In general, the scattering strength (measured in 
terms of the scattering cross-section) of homogeneous particles of a given size embedded 
within homogeneous media increases with increasing difference in refractive index between 
the suspended particle and the embedding medium. In the following discussion we will focus 
on inorganic particles dispersed in an organic matrix although the parameters can be applied 
to other mixed media composite structures including organic/inorganic and organic/organic 
systems. 

The particular properties of nano-sized inorganic materials are of central importance 
to the design of modern composite materials ranging from polymer composites to cosmetic 
products where particulate additives are added to a matrix material to improve mechanical, 
thermal, transport, or optical properties. However, in many instances the improvement of one 
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or more specific performance characteristic is compromised by a loss in transparency that 
results from the scattering of incident electromagnetic radiation, such as, but not limited to, 
visible light, UV radiation, and IR radiation, by the embedded particle inclusions. This loss of 
transparency is a consequence of the significantly different refractive index "n " of most 
inorganic materials and the organic embedding medium. For applications that capitalize on 
optical transparency, pronounced scattering due to the presence of particulate inclusions 
presents severe limitations to the maximum concentration of filler particles, as well as the 
design possibilities, of the organic-matrix composites. 

Bohren and Huffman [Bohren, C. F., Huffman, D. R. Absorption and Scattering of 
Light by Small Particles, Wiley, New York, 1983] showed that for optically isotropic particles 
with linear dimensions significantly less than the wavelength of light, the particle scattering 
cross-section is given by: 

Csca~FpVAa/ (1) 
with V p denoting the particle volume and Act the polarizability difference between the particle 
and the embedding medium. 

The scattering cross-section C sca is a measure of the scattering strength of a particle 
and is defined in terms of energy conservation: the total energy scattered in all directions is 
equal to the energy of the incident wave falling on the area C sca . 

Since |Aa| = |(e p - s m )/( e p + 2s m )| » 0 (with e x = n{ denoting the dielectric constant of 
medium T; 'p' and 'm' represent the particle and embedding medium, respectively) for most 
inorganic/organic material combinations, significant scattering can arise even for small 
particle sizes. 

The embodiments of the present disclosure allow the physical properties of a 
composite material to be modified by the added core-shell particles without sacrificing 
transparency through modification of particle surfaces with polymers to generate core-shell 
particle architectures with an effective refractive index and/or effective dielectric constant 
that is substantially equal to the respective refractive index or dielectric constant of the 
envisioned or targeted embedding medium. 



-2- 



WO 2009/023353 



PCT/US2008/064720 



BRIEF SUMMARY 

For core-shell particles, i.e., particles with an architecture that comprises dissimilar 
constituents in a core and a shell region, the geometry of core and shell is arbitrary. In the 
case of spherical particles, size is synonymous with diameter while in the case of non- 
spherical particles size in the following discussion refers to the largest linear dimension of the 
particle that is below the wavelength of the electromagnetic radiation. The scattering cross- 
section can be predicted by assuming the scattering arises from a homogeneous 'effective' 
particle with an 'effective refractive index' that depends on the volume fraction and optical 
properties of the respective constituents. The effective refractive index of a core-shell 
particle can be calculated based on the refractive indices and volume fractions of the 
constituent (core and shell) materials using effective medium theory. Scattering of core-shell 
particles that are suspended wthin an embedding medium will be suppressed if the effective 
refractive index of the core-shell particle is equal or similar to the refractive index of the 
embedding medium. 

According to one embodiment, the present disclosure provides a core-shell composite 
particle. The composite particle comprises a core material having a first refractive index and 
a shell material having a second refractive index different from the first refractive index. The 
core-shell composite particle has an effective refractive index determined by the first 
refractive index and the second refractive index, wherein the effective refractive index is 
substantially equal to a refractive index of a target or envisioned embedding medium. 

In another embodiment, the present disclosure provides a composite material. The 
composite material comprises an embedding medium and a core-shell composite particle, as 
described herein, suspended or embedded in the embedding medium. The composite material 
according to there embodiments displays at least 70% transmittance of incident 
electromagnetic radiation. 

Still other embodiments of the present disclosure provide a process for forming a 
core-shell composite particle. The process comprises providing a core material having a 
surface comprising surface functionality comprising radically transferable atoms or groups 
and grafting a (co)polymer shell material from at least a portion of the surface of the core 
material by a controlled radical (co)polymerization process. According to the process the 
core-shell composite particle has an effective refractive index determined by a refractive 
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index of the core material and a refractive index of the (co)polymer shell material that is 
substantially equal to a refractive index of a targeted embedding medium. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The various embodiments of the present disclosure may be better understood when 
read in conjunction with the following Figures in which: 

Figure 1A illustrates a core-shell particle with distinct homogeneous material 
components comprising the particle core and shell region. 

Figure IB illustrates one exemplary embodiment of the present disclosure comprising 
an experimental system comprising a silica nanocrystal (average core diameter approximately 
20 nm) and a shell comprising polystyrene (PS) shell material (thickness variable). 

Figure 1C illustrates calculation of the effective refractive index of a silica- 
polystyrene core-shell particle as a function of composition according to one embodiment of 
the present disclosure. The dotted line represents the refractive index of toluene. The mass 
ratio m(PS)/m(silica) ~ 0.2 corresponds to a non-scattering configuration. 

Figure 2A illustrates surface modification of the core material to control shell 
polymer chain density according to certain embodiments disclosed herein. 

Figures 2B, 2C, 2D, and 2E illustrate bright-field electron micrographs for core-shell 
particles of the present disclosure having differing degrees of polymerization in the shell 
polymer material. Fig. 2B - DP10 (grafting density a= 0.71 chains/nm 2 ); Fig. 2C - DP140 
(grafting density er = 0.09 chains/nm 2 ); Fig. 2D - DP150 (grafting density a= 0.5 
chains/nm 2 ); Fig. 2E - DP60 (grafting density cr= 0.5 chains/nm 2 ). Scale bar is 100 nm. 

Figures 3A aad 3B illustrate plots of total scattered intensity R(q) for core-shell 
particles according to specific embodiments herein. Figure 3A - total scattered intensity R(q) 
for particle samples DP\Q (0, c = 0.3 mg/mL), DPU0 (o, c = 0.3 mg/mL) and £>P150 (□, c = 
0.8 mg/mL) revealing the reduced angular dependence of the scattering intensity for particle 
samples DP10 and ZXP140 indicating a decrease in optical phase shift; and Figure 3B - total 
scattering intensity R(q) at q = 9.16 x 10 6 m" 1 as a function of particle composition 
(7K(PS)/m(Si02)). Arrow in Fig. 3B indicates theoretical null-scattering composition 
(w(PS)/777(Si0 2 ) ~ 1 .9). Fig. 3B inset plots refractive index increment for particle samples 
DP10, DP150 and DP760. The reduction of forward scattering of sample DP140 confirms 
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the approximate index-matching condition (i.e. dn/dc = 0) is expected for particle 
compositions /w(PS)//w(Si0 2 ) ~ 0.2, close to the theoretical value. 

Figure 4 is an image of a silica nano-particle dispersion having bare core material 
particles (A) and core-shell particles (B) according to the present disclosure. 

DETAILED DESCRIPTION 

The present disclosure is directed toward the novel core-shell composite particles 
which when embedded or suspended is a specific embedding medium display reduced 
scattering of incident electromagnetic radiation. The scattering cross-section of a matrix 
formed by suspension/embedding the core-shell composite particle in the embedding medium 
may be predicted by assuming the scattering arises from a homogeneous "effective" particle 
with an "effective refractive index" that depends on the volume fraction and the optical 
properties of the respective constituents (i.e., the core material and the shell material). 

The effective refractive index of a core-shell composite particle, as described herein, 
can be calculated based on the refractive indices and volume fractions of the constituents (i.e., 
the core material and the shell material) using effective medium theory. Scattering of core- 
shell particles that are suspended within a targeted or envisioned embedding medium will be 
suppressed if the effective refractive index of the core-shell composite particle is substantially 
equal or similar to the refractive index of the targeted or envisioned embedding medium. 

Any patent, publication, or other disclosure material, in whole or in part, that is said to 
be incorporated by reference herein is incorporated herein only to the extent that the 
incorporated material does not conflict with existing definitions, statements, or other 
disclosure material set forth in this disclosure. As such, and to the extent necessary, the 
disclosure as set forth herein supersedes any conflicting material incorporated herein by 
reference. Any material, or portion thereof, that is said to be incorporated by reference herein, 
but which conflicts with existing definitions, statements, or other disclosure material set forth 
herein will only be incorporated to the extent that no conflict arises between that incorporated 
material and the existing disclosure material. 

It should be understood that any numerical range recited herein is intended to include 
all sub-ranges subsumed therein. For example, a range of "1 to 10" is intended to include all 
sub-ranges between (and including) the recited minimum value of 1 and the recited maximum 
value of 10, that is, having a minimum value equal to or greater than 1 and a maximum value 
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of less than or equal to 10. 

The present disclosure describes several different features and aspects of the various 
exemplary embodiments provided herein. It is understood, however, that the present 
disclosure embraces numerous alternative embodiments, which may be accomplished by 
combining any of the different features, aspects, and embodiments described herein in any 
combination that one of ordinary skill in the art would find useful. 

In one embodiment of the present disclosure, it is demonstrated the scattering of 
incident electromagnetic radiation by inorganic particles can be efficiently suppressed by 
grafting of polymers of appropriate composition, molecular weight and grafting density from 
or to the particles' surface to match the effective refractive index and/or dielectric constant of 
the resulting core-shell particle to the refractive index and/or dielectric constant of the 
embedding medium. Key to the disclosed approach is the previously undisclosed recognition 
that for core-shell particles, with a size less than the wavelength of light, the optical 
properties are equal to those of a homogeneous particle, with an effective dielectric constant 
that depends on the optical properties and volume fractions of the respective constituents. As 
used herein, the term "incident electromagnetic radiation" includes, but is not limited to, 
infrared, visible, and ultraviolet radiation directed through a matrix formed from the core- 
shell composite particle suspended in the target or envisioned embedding medium. As used 
herein, the terms "targeted embedding medium" and "envisioned embedding medium" are 
used synonymously and include the medium into which the particles of the present disclosure 
are intended to be embedded or suspended within. Examples of embedding media include, 
liquids, including highly viscous liquids, solids, and gasses, such as, but not limited to, 
solvents, oils, gels, oligomers, polymeric materials, copolymeric materials, coatings, silica, 
transparent metal oxides, and inorganic glasses. 

With reference to the particle size/electromagnetic radiation wavelength relationship, 
at wavelengths larger than the core-shell particle dimensions, the particles' effective dielectric 
constant is given by Maxwell-Garnett theory [see, J. C. Maxwell-Garnett Phil. Trans. Roy. 
Soc. (London ) A, 1904, 203, 385; and 1906, 205, 237], equation 2. 




Here, x = ^(s e 



I, fcore and £- S heii represent the 
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dielectric constant of the particle-core and shell, respectively, and <j> = V m J(V cors + F she n) is 
the relative particle-core volume. Several effective medium models (such as Maxwell- 
Garnett, Bruggeman, Bergman, etc.) have been postulated that differ by the underlying 
assumptions about the systems' morphology, as well as the approximation used to capture 
interactions between the inclusions. In the case of discrete particle inclusions in a 
homogeneous medium, the Maxwell-Garnett theory is generally considered to be most 
appropriate. The relationship between the dielectric constant and the refractive index for 
specific compositions is well understood. The dielectric constant (which is dependent on 
wavelength) is the square of the refractive index. Refractive index is commonly used in 
optical applications, whereas dielectric constant is used in electronics. 

In the quasi-static limit (i.e., for particle diameters or size much smaller than the 
wavelength of light), Maxwell-Garnett theory presents an analytically accurate solution to the 
effective dielectric constant of a core-shell particle. The effective refractive index is 
calculated from the refractive indices of the core material and the shell material, assuming 
that the solvent does not interpenetrate the polymer brush grafted to the particle surface, i.e., 
the polymer is in the dry-brush regime (approximately valid in the limit of high grafting 
densities). 

Equation 2 therefore provides design criteria for the synthesis of quasi-transparent 
particle additives, i.e., by grafting a shell with a dielectric constant greater than (less than) the 
dielectric constant of the embedding media to a particle core material that has a dielectric 
constant less than (greater than) the embedding media, such that s e n ~ s^. 

The "effective index-matching" method to suppress scattering contributions is 
particularly attractive if the shell is comprised by a polymer grafted to the particle surface. In 
the case of an organic particle an additional requirement is that the core and the shell 
comprise incompatible segments. This is because polymer-grafting techniques may be used 
in order to facilitate the dispersion, or thermodynamic stabilization of the dispersion, of 
particle additives in organic matrices and thus no additional synthetic processing steps - other 
than (1) control of the grafting density, (2) molecular weight of the surface-bound polymer 
and (3) appropriate selection of the composition of the tethered (co)polymer - are necessary 
in order to minimize scattering according to the presently disclosed method. 
The present disclosure describes modification of particle surfaces (i.e., the surface of the core 
material) with suitable polymers or other organic/inorganic coatings and is exemplified by 
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using controlled polymerization procedures in order to generate core-shell particle 
architectures with an effective refractive index equal to the respective embedding medium 
with the aim of suppressing the particle scattering. Examples of suitable controlled 
polymerization procedures include living/controlled ionic polymerization procedures (i.e., 
controlled anionic polymerizations and controlled cationic polymerization procedures) and in 
particularly preferred embodiments, living/controlled radical polymerization procedures 
(CRP). 

A controlled "grafting from" polymerization process is preferred since one of the 
advantages of a controlled polymerization process is the ability to grow a polymer chain with 
a desired molecular weight (MW), or desired degree of polymerization (DP), that when taken 
into consideration with the number of initiating sites provides a means to control the volume 
fraction of the tethered shell (co)polymer. In this manner, it is possible to control the 
thickness and density of the shell attached to the particle and hence the effective refractive 
index of the core-shell composite particle. For certain monomers, a living/controlled ionic 
polymerization process would be preferred and those skilled in the art of anionic or cationic 
polymerization can apply these techniques to the disclosed procedure. However, for the 
majority of tethered shell (co)polymers, a controlled radical polymerization (CRP) processes 
is a preferred polymerization process, since a radical polymerization process can 
(co)polymerize a broad range of commercially available monomers providing well defined 
shell structures comprising a spectrum of refractive indices, thereby allowing control over 
both the refractive index of the shell material of a composite particle (and therefore, the 
effective refractive index of the core-shell composite particle) and the solubility of the shell 
(and therefore, the solubility of the core-shell composite particle) in the targeted matrix 
material. 

Indeed, according to one embodiment by employing a CRP for the grafting from 
synthesis of the shell material from the surface of the core material, one can prepare a 
tethered block copolymer wherein the second outer layer of the shell material is selected to be 
the same composition as the target matrix embedding material, or soluble in the selected 
target matrices, to ensure dispersion of the particle in the matrix/embedding material and 
sufficient chain entanglement between the outer shell chains and matrix chains to provide 
good transfer of stress to the dispersed particles. A tapered or gradient copolymer can also be 
prepared by a CRP wherein the comonomer with greater phylicity for the target matrix is 
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increasingly incorporated into the periphery of the shell. The required physical properties of 
the particle reinforced structure will provide one skilled in the art with definitions for the 
words "sufficient" and "good" in the previous sentence, but one definition would be that the 
final properties of the composite structure are equal or better than an equivalent composite 
where retention of optical properties were ignored. Examples of suitable CRP procedures 
include, for example, but not limited to, atom transfer radical polymerization (ATRP), reverse 
ATRP, simultaneous reverse and normal initiation ATRP (SR&NI ATRP), initiator for 
continuous activator regeneration ATRP (ICAR ATRP), activators regenerated by electron 
transfer ATRP (ARGET ATRP), nitroxide mediated polymerization (NMP), reversible 
addition fragmentation termination (RAFT) and others including degenerative transfer and 
cobalt mediated transfer. However as noted above it is the final result that is of importance: 
control over grafting density, molecular weight and composition of the tethered copolymer 
and non-controlled but consistent polymerization procedures can result in "control" over 
these parameters. 

ATRP has been described in a number of patents and patent applications with 
Matyjaszewski as co-inventor that are assigned to Carnegie Mellon University, including: 
U.S. PatentNos. 5,763,548; 5,807,937; 5,789,487; 5,945,491; 6,111,022; 6,121,371; 
6,124,411; 6,162,882; 6,407,187; 6,512,060; 6,538,091; 6,541,580; 6,624,262; 6,624,263; 
6,627,314; 6,790,919; 6,759,491; 6,887,962; 7,019,082; 7,056,455; 7,064,166; 7,125,938; 
7,157,530; and 7,332,550 and U.S. and International PCT Patent Application Serial Nos. 
09/534,827; 09/972,056; 10/034,908; 10/269,556; 10/289,545; 10/638,584; 10/860,807; 
10/684,137; 10/781,061, 10/992,249 11/059,217; 10/887,029; 11/430,216; 10/548,354; 
11/593,185; PCT/US05/07264, PCT/US05/07265, and PCT/US06/33792, all of which are 
herein incorporated by reference, for example, to define which monomers can be 
(co)polymerized in an ATRP process and which ligands should be selected to provide stable 
active transition metal complexes in various media. ATRP has also been discussed in 
numerous publications and reviewed in several book chapters [see, ACS Symp. Ser., 1998, 
685;ACSSymp. Ser., 2000; 768; Chem. Rev. 2001, 101, 2921-2990; ACS Symp. Ser., 2003; 
854; ACS Symp. Ser, 2006; 944], the disclosures of which are incorporated in their entirety 
by reference herein. Within these published articles and book chapters similar 
polymerization systems employing of forming the four essential components required for an 
ATRP may be referred to by different names, such as transition metal mediated 
polymerization or atom transfer polymerization, but the processes are similar and referred to 
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herein as "ATRP". 

The use of ATRP to form the shell material of the particle with low levels of catalyst 
as detailed in co-assigned U.S. Provisional Application Serial No. 61/008,426, hereby 
incorporated by reference in its entirety, also allows one to tailor the polydispersity of the 
(co)polymer comprising the shell material and hence the density of the tethered polymer 
chains at the periphery of the shell. 

According to certain embodiments, a "grafting to" process can also be applied to the 
formation of the core-shell structure employing inherent functionality on the core structure to 
terminate an active polymerization or to react with the appropriate terminal functionality on a 
preformed polymer. 

According to other embodiments, sol-gel chemistry (e.g. hydrolysis of alkoxy-silanes) 
can also be applied to generate inorganic core-shell structures in which the scattering is 
suppressed by appropriate combination of core and shell constituents. 

According to still other embodiments, selective adhesion of block copolymer 
additives can also be used to generate core-shell structures, these might be particularly 
interesting for soft particle inclusions (such as rubber inclusions in glassy polymer matrices). 

For core-shell composite particles as described herein, i.e., particles with an 
architecture that comprises dissimilar constituents in a core and a shell region with a size that 
is below the wavelength of the incident electromagnetic radiation, the scattering cross-section 
can be predicted by assuming the scattering to arise from a homogeneous "effective" particle 
with an "effective refractive index" that depends at least in part on the volume fraction and 
optical properties of the respective constituents. The effective refractive index of a core-shell 
composite particle can be calculated based on the refractive indices and volume fractions of 
the constituent (core and shell) materials using effective medium theory. Scattering of core- 
shell particles that are suspended within a targeted embedding medium will be suppressed if 
the effective refractive index of the core-shell particle is equal or similar to the refractive 
index of the embedding medium. 

In one exemplification of the invention, a method is described to reduce the scattering 
cross-section of typical inorganic filler particles in an organic suspending media by grafting 
polymers of appropriate composition from the particle surface by means of controlled radical 
polymerization. The aim of this aspect of the invention is the fabrication of transparent 
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polymer nano-composites and particle suspensions that combine a particular property of the 
dispersed nano-scale material (i.e., the core-shell composite particle, such as UV-absorption, 
modulus (either high or low), impermeability, or another desired property) without increasing 
the opaqueness of the composite material compared to the pure embedding medium. This 
method is applicable to filler particles made from metals and metal-oxides, as well as 
dielectric materials such as silica or titania, with a typical size ranging from 2 nm to 500 nm 
and facilitates concurrent homogenization with polymer matrices or liquid and gel-based 
suspending media. 

Certain particulate materials and metals scatter light over a broader spectrum and in 
such a case the shell of the particle must be designed to provide the opposite dispersing 
characteristics. This can be accomplished by incorporation of a spectrum of functional 
comonomers into the tethered shell to provide a broad range of adsorption. 

In another aspect of the present disclosure, the particle can be an organic particle 
comprising a material displaying a low modulus core that is added to a solid matrix material 
to improve the toughness of the composite without sacrificing clarity. 

In one exemplification of the present disclosure, typical core materials will comprise 
metals, metal oxides or dielectric materials. The technique is applicable to particles of 
arbitrary shape with linear dimensions smaller than the wavelength of light. 

The choice of polymer to comprise the shell material will depend on the refractive 
index of the core material and suspending/embedding material. According to these 
embodiments, two principal scenarios may be possible: 

a) The refractive index of the core material is greater than the refractive index of the 
suspending/embedding medium: in which case, the shell polymer material should be 
designed with a refractive index lower than refractive index of 
suspending/embedding medium. 

b) The refractive index of the core material is less than the refractive index of the 
suspending medium: in which case, the shell polymer material should be designed 
with a refractive index greater than refractive index of suspending medium. 

For the purpose of establishing the viability of the methods and compositions of the 
present disclosure, the technique was initially demonstrated for the particular case of silica 
nanoparticles as the core material (refractive index 1.46) in the liquid suspending medium 
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toluene (refractive index 1.50). The core material particles are surface functionalized with a 
polystyrene shell material (refractive index 1.59) that is grafted from the particle surface by 
means of a controlled radical polymerization technique, i.e., Atom Transfer Radical 
Polymerization (ATRP). ATRP is one of a number of suitable controlled radical 
polymerization processes, including nitroxide mediated polymerization (NMP) and reversible 
addition fragmentation termination (RAFT) and others including degenerative transfer and 
cobalt mediated transfer. The reverse procedure, whereby a preformed functional polymer is 
grafted to the particle surface, can also be applied. 

While the presented method focuses on the use of controlled radical polymerization 
techniques to suppress the scattering of visible light of particle inclusions in polymer 
matrices, the principal features of the approach are of general validity and pertain to a wide 
variety to particle-systems including: a) the use of shell materials such as organic and 
inorganic polymers as well as dielectric materials, metals or metal oxides; and b) gaseous, 
liquid and solid embedding media particles of any size as long as the maximum feature size is 
less than the wavelength of the radiation of which scattering is to be suppressed. 

The use of controlled radical polymerization to functionalize nano-particle additives 
in order to tailor the effective refractive index of a core-shell particle to be substantially equal 
to the refractive index of the embedding medium is novel. 

The controlled synthesis of a shell material comprising a controlled composition on a 
nano-particle core additive (or otherwise fabricated particle core-shell structures) with the 
purpose of tailoring the effective refractive index of the resulting core-shell particle to be 
equal to the refractive index of the embedding medium is novel. 

The conceptual approach to use effective medium theory in order to predict the 
adequate shell material composition and overall core-shell particle composition, as well as 
particle shell dimensions, such as to suppress or reduce scattering of incident electromagnetic 
radiation by the resulting matrix comprising the core-shell composite particle and the medium 
is new. 

In particular, the presented technique facilitates a solution to a prominent problem in 
nano-composite science, i.e., the scattering of incident electromagnetic radiation by 
embedded particle additives thus degrading the optical properties and design opportunities of 
filled materials. The method facilitates the suppression of scattering contributions of 
embedded particles and thus facilitates the fabrication of transparent (optically clear) or near 
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transparent composite materials. This gives rise to entirely new design opportunities for 
product development. 

The application of the present disclosure is replacement of conventional particle 
fillers in all areas in which particle additives are added to a specific embedding media in 
order to enhance some of the properties (optical, mechanical, thermal, transport) of the 
embedding media and in which the embedded particles give rise to opaqueness that is 
unfavorable to the performance of the final product or that limits the possibilities of product 
design. Applications encompass, but are not limited to polymer nano-composites, paints, 
cosmetic pastes, food products, glass coloration, lasing materials, radiation shielding 
applications, etc. 

According to one embodiment, the present disclosure provides for a core-shell 
composite particle comprising a core material having a first refractive index and a shell 
material having a second refractive index different from the first refractive index. The core- 
shell composite particle may have an effective refractive index, as described herein that is 
determined by the first refractive index and the second refractive index. The effective 
refractive index of the core-shell composite particle is substantially equal to the refractive 
index of the targeted embedding medium. As used herein, the term "substantially equal" 
when used with referenced to the values of the refractive indices of the components of the 
present disclosure means that the refractive indices in question have a difference of less than 
5% from each other. According to these embodiments, the scattering cross-section of the 
particle can be predicted by assuming that the scattering arises from a homogeneous 
"effective" particle comprising the core material and the shell material with an "effective 
refractive index" that is determined at least in part, by the volume fraction and the optical 
properties of the respective constituents. For example, for a core material of a specific 
refractive index (determined by volume fraction and optical properties of the core material), a 
shell material may be designed and synthesized such that the refractive index of the shell 
material results in a combined "effective refractive index" that results in suppression of 
scattering of incident electromagnetic radiation. 

According to certain embodiments, the core material may be a material selected from 
an inorganic material and an organic material. For example, in certain embodiments, the core 
material may be an inorganic material, such as a metal, a metal oxide, or a dielectric material, 
including, but not limited to silica, titania materials, zinc oxide, alumina or zirconia. In other 
embodiments, compositions provided herein include a core material which includes at least 
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one metal or metal oxide selected from among scandium, titanium, vanadium, chromium, 
manganese, iron, cobalt, nickel, copper, zinc, yttrium, zirconium, niobium, molybdenum, 
ruthenium, rhodium, palladium, silver, cadmium, hafnium, tantalum, tungsten, rhenium, 
osmium, iridium, platinum, gold, gadolinium, aluminum, gallium, indium, tin, thallium, lead, 
bismuth, magnesium, calcium, strontium, barium, lithium, sodium, potassium, boron, silicon, 
phosphorus, germanium, arsenic, antimony, and combinations thereof. 

In some other embodiments, compositions provided herein include a core material 
that includes at least one metal selected from among titanium, vanadium, chromium, 
manganese, iron, cobalt, nickel, copper, zinc, zirconium, molybdenum, ruthenium, rhodium, 
palladium, silver, cadmium, tungsten, rhenium, osmium, iridium, platinum, gold, aluminum, 
bismuth, and combinations thereof. In certain embodiments, compositions provided herein 
include a core material that includes a metal selected from among iron and gold. 

In other embodiments the core material can be considered to display opto-electronic 
properties such luminescent semiconductor nanocrystals, quantum dots or structured II- VI- 
semiconductor nanoparticles. Such nano-particles include one or more inorganic materials 
from the group consisting of: titania (TiC^), nanocrystalline Ti0 2 , zinc oxide (ZnO), copper 
oxide (CuO or CU2O or Cu x O y ), zirconium oxide, lanthanum oxide, niobium oxide, tin oxide, 
indium oxide, indium tin oxide (InSnO), vanadium oxide, molybdenum oxide, tungsten 
oxide, strontium oxide, calcium/titanium oxide and other oxides, sodium titanate, potassium 
niobate, cadmium selenide (CdSe), cadmium sulfide (CdS), copper sulfide (CU2S), cadmium 
telluride (CdTe), cadmium-tellurium selenide (CdTeSe), copper-indium selenide (CuInSe2), 
cadmium oxide (CdO x ), Cul, CuSCN, a semiconductive material, or combinations of the 
above. Semiconductor nanocrystals may be included, e.g., a core of the binary formula MX, 
where M can be cadmium, zinc, mercury, aluminum, iron, lead, tin, gallium, indium, 
thallium, magnesium, calcium, strontium, barium, copper, and mixtures or alloys thereof and 
X is sulfur, selenium, tellurium, nitrogen, phosphorus, arsenic, antimony or mixtures thereof; 
a core of the ternary formula M l M 2 X, where M 1 and M 2 can be cadmium, zinc, mercury, 
aluminum, iron, lead, tin, gallium, indium, thallium, magnesium, calcium, strontium, barium, 
copper, and mixtures or alloys thereof and X is as defined above; a core of the quaternary 
formula M'M 2 M 3 X, where M 1 , M 2 and M 3 can be cadmium, zinc, mercury, aluminum, iron, 
lead, tin, gallium, indium, thallium, magnesium, calcium, strontium, barium, copper, and 
mixtures or alloys thereof and X is as defined above. Specific examples of suitable non- 
oxide semiconductor nanocrystal materials can include cadmium selenide (CdSe), cadmium 
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telluride (CdTe), zinc telluride (ZnTe), iron sulfide (FeS), gallium phosphide (GaP), indium 
phosphide (InP), indium antimonide (InSb) and the like, mixtures of such materials, or any 
other semiconductor or similar materials. Other useful semiconductor materials may be of 
silicon carbide (SiC), silver indium sulfide (AgInS 2 ), silver gallium selenide (AgGaSe 2 ), 
copper gallium selenide (CuGaSe 2 ), copper indium selenide (CuInSe 2 ), magnesium silicon 
phosphide (MgSiP 2 ), zinc silicon phosphide (ZnSiP 2 ), zinc germanium phosphide (ZnGeP 2 ) 
and the like. Still other useful semiconductor materials may be of silicon, germanium, or 
alpha-tin 

In other embodiments, the core material may be an organic material, such as an 
organic polymer or copolymer material, including a liquid or a gas. In specific embodiments, 
the organic polymeric core material may have a glass transition temperature less than room 
temperature. In still other embodiments, the core material and the shell material may 
comprise incompatible segments. 

For certain embodiments of the core material or the shell material, for example, those 
embodiments where at least one of the core material or the shell material comprise an organic 
(co)polymer material, the core material or the shell material may comprise crosslinked 
(co)polymer segments. For example, during a CRP process for forming either the core 
material or shell material, a crosslinkable monomer may be added to the reaction mixture. 

In certain embodiments, the shell material may be a material selected from an 
inorganic material and an organic material. In specific embodiments, the shell material may 
be an organic polymer or copolymer material, such as a material formed by a 
living/controlled polymerization process. Suitable controlled polymerization processes are 
described in detail herein and may include controlled ionic polymerizations and controlled 
radical polymerization processes. For example, in certain embodiments, the shell material 
may be an organic (co)polymeric material formed by a controlled radical (co)polymerization 
process wherein the shell material is grafted from at least a portion of a surface of the core 
material. According to certain embodiments, the core material may originally comprise 
surface terminal functionality comprising radically transferable atoms or groups, such that an 
ATRP type grafting from process may be utilized to form the shell material of the core-shell 
composite particle. 

According to certain embodiments of the present disclosure, the first refractive index 
may be greater than the second refractive index. According to these embodiments, the 
effective refractive index of the particle will have a value less than the first refractive index 
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but greater than the second refractive index. In other embodiments, the first refractive index 
may be less than the second refractive index. According to these embodiments, the effective 
refractive index of the particle will have a value greater than the first refractive index but less 
than the second refractive index. By tailoring the shell material by control of the 
polymerization process, the refractive index of the shell material may be selected such that 
the effective refractive index of the core-shell particle is substantially equal to the refractive 
index of the targeted embedding medium. 

According to specific embodiments, the effective refractive index of the particle is 
substantially equal to the refractive index of the embedding medium. For example, in one 
embodiment, the effective refractive index of the particle has a difference from the refractive 
index of the embedding medium of ± 0. 1 . In other embodiments, the effective refractive 
index of the particle has a difference from the refractive index of the embedding medium of ± 
0.05. In still other embodiments, the effective refractive index of the particle has a difference 
from the refractive index of the embedding medium of ± 0.03. In other embodiments, the 
effective refractive index is within 5% of the refractive index of the envisioned medium. 

As discussed herein, for the core-shell composite particles of the present disclosure to 
display the homogeneity when treated with incident electromagnetic radiation, such that 
certain optical and/or electrical properties, including refractive index and dielectric constant, 
of the core-shell may be determined as set forth herein, the particle size must be on the 
nanoscale. In specific embodiments, the core-shell composite particle may have a particle 
size less than the wavelength of the specific incident electromagnetic radiation. Thus, the 
size of the core material must be sufficiently small such that, upon grafting the shell material 
from the core material surface, the resulting core-shell composite particle may have the 
necessary particle size (i.e., less than the incident electromagnetic radiation). In certain 
embodiments, the core material may have a core size ranging from 2 nm to 500 nm. In other 
embodiments, the core material may have a core size ranging from 5 nm to 100 nm. In other 
embodiments, the core material can be substantially larger according to the wavelength for 
which the scattering is to be reduced. 

In certain embodiments of the present disclosure, the first refractive index may have 
an equal or opposite sign of the refractive index dispersion compared to the sign of the 
second refractive index. Refractive index dispersion denotes the wavelength dependence of a 
materials' refractive index. The combination of core-shell materials with opposite sign of 
refractive index dispersion is a relevant extension of the concepts disclosed herein, as it 
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facilitates the reduction of scattering of materials (such as metals, or semiconductors) with 
significant dispersion of refractive index over a wide range of wavelengths. According to 
these embodiments, two realizations are possible: a) if the core materials exhibit substantial 
refractive index dispersion then the choice of shell materials can be such that the dispersion 
of refractive index over the wavelength range of interest will mutually cancel each other thus 
resulting in a substantially constant refractive index; or b) if the embedding medium consists 
of a material with significant refractive index dispersion then either the core material, the 
shell material or both can be chosen such that the effective refractive index dispersion of the 
core-shell particle equals the refractive index dispersion of the embedding medium. 

According to certain embodiments, the graft density of the polymer chains of the shell 
material may be manipulated, for example to control the interactions with the molecules or 
polymer chains of the embedding medium. For example, in certain embodiments the surface 
of the core material may comprise specific surface functionality, such as the presence of a 
certain concentration of an initiator functionality, for example, a radically transferable atom 
or group suitable for use in an ATRP-type process. In these embodiments, at least a portion 
of an outer surface of the core material may be functionalized by reacting the portion of the 
surface with a reactive mixture of reactants having an initiator functionality and reactants 
having no initiator functionality. In these embodiments, the grafting density of the initiator 
functionality on the functionalized portion of the surface of the core material, for example the 
radically transferable atoms or groups, may be controlled by the ratio and/or reactivity of the 
reactants having the initiator functionality and the reactants having no initiator functionality. 

This concept is exemplified in Figure 2A were the surface of a silica particle is 
functionalized by modification with a blend of initiator (1-chlorodimethylsilylpropyl 2- 
bromoisobutyrate) and a "dummy" ligand (chlorotrimethyl-l-silane - a reactant having no 
initiator functionality). The relative reactivity and control of the reactant ratio allows control 
of the density of the radically transferable atoms or groups on the portion of the surface of the 
core material. Subsequent ATRP polymerization grafting from or to the core material surface 
results in a core-shell composite particle with a specific graft density for the shell material. 
In specific embodiments, the shell material may have a graft density sufficiently high to 
prevent solvent/matrix interpenetration of the shell material. In other embodiments, the shell 
material may have a graft density sufficiently low to allow solvent/matrix interpenetration of 
the shell material. Interpenetration of the solvent or matrix/medium into the shell material 
may have effects on the properties of the particle/medium matrix, such as solubility of the 
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particles in the medium, suspension properties of the particles in the medium, and/or particle 
packing in the medium. 

According to the various embodiments disclosed herein, upon suspension of the core- 
shell particle in the selected embedding medium to form a suspended matrix comprising the 
particle within the medium wherein the effective refractive index of the particle is 
substantially equal to the refractive index of the medium, the matrix displays a reduced 
scattering cross-section of incident electromagnetic radiation compared to a matrix where the 
effective refractive index of the core-shell composite particle is not substantially equal to the 
refractive index of the embedding medium. Thus, in specific embodiments, the matrix 
comprising the core-shell particle suspended within the medium will be substantially 
transparent (i.e., show reduced scattering of incident electromagnetic radiation in the visible, 
infrared, UV spectrum, and/or other portion of the electromagnetic spectrum). One non- 
limiting method for measuring transparency is by percent transmittance of the incident 
electromagnetic radiation through the matrix. According to one embodiment, the matrix may 
display at least 70% transmittance of the incident electromagnetic radiation. In another 
embodiment, the matrix may display at least 80% transmittance of the incident 
electromagnetic radiation. In still another embodiment, the matrix may display at least 90% 
transmittance of the incident electromagnetic radiation. In still another embodiment, the 
matrix may display at least 95% transmittance of the incident electromagnetic radiation. The 
present disclosure should not be considered limited by any specific method of measuring 
transparency of the matrix. 

It should be noted that the conceptual framework of the present disclosure may also 
be utilized to form core-shell particle/medium matrices that are not transparent and have 
specific defined opacities. For example, the core-shell particle effective refractive index may 
be engineered to have any particular value relative to the refractive index of the envisioned 
embedding medium. While the various embodiments disclosed herein address systems where 
the effective refractive index is substantially equal to the refractive index of the embedding 
medium, other embodiments may be envisioned where the effective refractive index is 
tailored or engineered to be different from the refractive index of the embedding medium. 
For example, certain optical effects, such as, but not limited to, opalescence, may be possible 
with appropriately selected differences in refractive indices. These applications are to be 
considered within the scope of the present disclosure. 



-18- 



WO 2009/023353 



PCT/US2008/064720 



In still other embodiments, the present disclosure provides for a composite material 
comprising a selected embedding medium and a core-shell composite particle as described 
herein which is suspended or embedded in the embedding medium. According to these 
embodiments the composite material may display at least 70% transmittance of incident 
electromagnetic radiation. In other embodiments, the composite material may display at least 
80%, at least 90% or even at least 95% transmittance of incident electromagnetic radiation. 

Still further embodiments of the present disclosure provide for processes for forming 
a core-shell composite particle as described herein. According to certain embodiments, the 
process may comprise providing a core material having a surface comprising surface 
functionality comprising radically transferable atoms or groups and grafting a (co)polymer 
shell material from at least a portion of the surface of the core material by a controlled 
(co)polymerization process, such as, a living/controlled ionic (co)polymerization process or a 
living/controlled radical (co)polymerization process. According to various embodiments, the 
core-shell composite particle may have an effective refractive index determined by a 
refractive index of the core material and a refractive index of the (copolymer shell material 
that is substantially equal to a refractive index of a targeted embedding medium. In specific 
embodiments, the core material and the shell material may comprise different constituents 
having equal or opposite sign of the refractive index dispersion. 

In specific embodiments, providing a core material having a surface comprising 
surface functionality may comprise functionalizing at least a portion of a surface of the core 
material with a reactive mixture of reactants having an initiator functionality and reactants 
having no initiator functionality. According to specific embodiments, the initiator 
functionality may comprise a radically transferable atom or group that may participate in an 
ATRP (as set forth in greater detail herein) or other controlled polymerization process. In 
particular embodiments, the grafting density of the radically transferable atoms or groups on 
the at least a portion of the surface of the core material may be controlled by at least one of 
the relative reactivity or ratio of the reactants having the initiator functionality and the 
reactants having no initiator functionality. 

The various non-limiting embodiments of the present two-step atom transfer 
dispersion polymerization process described herein will be better understood when read in 
conjunction with the following non-limiting examples. 
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EXAMPLES 

The system initially selected to exemplify the concept consists of polystyrene (PS) 
functionalized silica nanoparticles (PS@SiC>2; average particle-core diameter (d) = 20 nm) 
solubilized in toluene. The choice of a liquid embedding medium is motivated solely by 
experimental convenience, i.e., the straightforward experimental verification of the dispersion 
state of the particle inclusions by dynamic light scattering, however, analogous conclusions 
pertain to solid embedding media such as polymers or viscous imbedding media such as gels. 
Figure 1C illustrates the property characteristics of the PS@Si0 2 /toluene system as well as 
the dependence of the particles' effective refractive index on the core-shell composition. For 
particles with mass composition of m(PS)/m(Si0 2 ) « 0.19 index-matching to toluene and thus 
null-scattering of the particle solutions is expected. 

In order to verify this prediction, a series of PS-coated silica nanocrystals were 
synthesized using ATRP. Surface functionalization of the core material was conducted as 
follows. Hydroxy-terminated silica colloids were dispersed in tetrahydrofuran and reacted 
with a mixture of a silane comprising an ATRP initiator functionality and a "dummy" silane, 
applied to block the silanol sites on the surface of the silica nano-particle (1- 
chlorodimethylsilylpropyl 2-bromoisobutyrate and chlorotrimethylsilane, respectively). 
Variation of the relative amounts of initiator and "dummy" initiator facilitates the effective 
control of the grafting density of the surface-bound polymers. 
Materials. 

All chemicals were purchased from Sigma-Aldrich Co., Milwaukee, WI, USA, unless 
otherwise specified. Silica was obtained from Nissan Chemicals (MIBK-ST) and 
functionalized with the alkyl halide initiator 1-chlorodimethylsilylpropyl 2-bromoisobutyrate 
according to the procedure described previously. Toluene (ACS, 99.5%) was purchased from 
Fisher Scientific and purified by distillation and filtration through a 0.2 urn filter before being 
added to samples. Inhibitor from the styrene monomer was removed by passage through a 
column filled with basic alumina. Ethyl 2-bromoisobutyrate (EBiB), N,N,N',N",N"- 
pentamethyldiethylenetriamine (PMDETA), 4,4'-dinonyl-2,2'-bipirydyne (dNbpy), copper(II) 
bromide, copper(II) chloride, tin(II) 2-ethylhexanoate (Sn(EH)2), anisole and hydrofluoric 
acid (36%) were used as received from Aldrich. Copper(I) bromide was purified by washing 
several times with glacial acetic acid and stored (dry) under a blanket of nitrogen. Tris(2- 
(dhnethylannno)ethyl)amine (Me 6 TREN) was prepared as described elsewhere. 
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Analysis. 

Molecular weight and molecular weight distribution were determined by GPC, 
conducted with a Waters 515 pump and Waters 2414 differential refractometer using PSS 
columns (Styrogel 10 s , 10 3 , 10 2 A) in THF as an eluent (35 °C, flow rate of 1 mL/min). 
Linear polystyrene standards were used for calibration. Elemental analysis (bromine content) 
was conducted by Midwest Microlab (Indiana, U.S.). 

ATRP of Styrene from 2-Bromoisobutyrate Functional Colloids with DP 10. 

A Schlenk flask was charged with PMDETA ligand (21.9 uL, 0.105 mmol), initiator- 
modified silica particles (1.4837 g, 0.524 mmol), anisole (12.0 mL) and styrene (6.0 mL, 52.4 
mmol). After three freeze-pump-thaw cycles, the flask was filled with nitrogen, then while 
the mixture was immersed in liquid nitrogen, 15.0 mg (0.105 mmol) of CuBr was added. The 
flask was sealed with a glass stopper, evacuated, and back-filled four times with nitrogen. 
After melting the reaction mixture and warming to the room temperature, the initial sample 
was taken and the sealed flask was placed in thermostated oil bath at 90 °C. The reaction was 
stopped by opening the flask and exposing the catalyst to air after 5 h. Hybrid particles were 
isolated and purified by precipitation into an excess of methanol and recovered by filtration 
for three times. The cleavage of polymer brushes from silica particles was conducted as 
reported in the literature. SEC of the cleaved polystyrene was conducted to determine the 
molar mass of the tethered polymer (M n = 1 ,020 g/mol and M w /M n =1 .08). The monomer 
conversion was about 2.5%, as determined from gravimetric analysis. In a similar way 
nanoparticles DP 140 and DP 150 were prepared. 

ARGET ATRP of St from 2-Bromoisobutyrate Functional Colloids Targeting DP 760. 

Styrene (St, 40.5 mL, 0.353 mmol), and anisole (38.2 mL) were added to a dry 
Schlenk flask. Then, silica particle initiator (0.20 g, 0.0706 mmol) and a solution of CuCl 2 
complex (0.475 mg, 3.53 umol)/Me 6 TREN (0.932 uL, 3.53 umol) in anisole (1.70 mL) were 
added. The resulting mixture was degassed by four freeze-pump-thaw cycles. After melting 
the mixture, a solution of Sn(EH) 2 (2.29 uL, 7.06 umol) and Me 6 TREN (1.86 uL, 7.06 umol) 
in anisole (0.54 mL) was added. An initial sample was taken and the sealed flask was placed 
in thermostated oil bath at 90 °C. The polymerization was stopped by opening the flask and 
exposing the catalyst to air after 23.5 h. Hybrid particles were isolated and purified by 
precipitation into an excess of methanol and recovered by filtration for three times. The 
cleavage of polymer brushes from silica particles was conducted as reported in the literature. 
SEC of the cleaved polystyrene was conducted to determine the molar mass of the tethered 
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polymer (M n = 80,400 g/mol and M w /M n =1 .32). The monomer conversion was about 5.9%, 
as determined from gravimetric analysis. 
Static and Dynamic Light Scattering. 

Measurements were performed using a Brookhaven Instruments Corporation BI- 
200SM goniometer and a green diode laser light source (X = 532 nm). Samples were filtered 
using PTFE Millipore syringe filter with 0.25 urn pore size diameter and equilibrated for 48 h 
before measurement. The total intensity R(q) was determined using the relation 

R{q) = «%)> " (%)>toluene) i?(90)toluer> e ((/(^toluene)"' sin0, with J R(90), olu ene = 2.52 10 " 5 cm" 1 

denoting the Rayleigh ratio of toluene at 20= 90 degree for vertical polarized incident light 
[see, Chu, B. Laser Light Scattering, 2nd ed.; Academic Press: San Diego, CA, 1990.]. 
Transmission Electron Microscopy. 

Particle imaging was conducted using a JEOL 2000 FX electron microscope operated 
at 200 kV. TEM samples of nanoparticles and hybrid nanoparticles were prepared by the 
casting the colloid solution diluted to 0.1 mg/mL in tetrahydrofuran (THF) onto a carbon- 
coated copper grid. 
Example 1 

A series of experiments were conducted wherein ATRP was applied to polymerize 
styrene with varying degree of polymerization DP = 10, 150 and 760 for high grafting 
densities (cr~ 0.7 chains/nm 2 ) and DP = 140 for a silica/polystyrene composite particle 
comprising a reduced grafting density (cr~ 0.09 chains/nm 2 ). The synthetic procedure is 
illustrated in Figure 2A. 

The corresponding mass ratios m(PS)/m(Si02) of the particle samples were calculated 
to be 0.12 (DP10), 0.22 (DP140), 2.5 (DP150) and 7.5 (DP760), respectively. The 
compositional characteristics of the particle samples used in our study are summarized in 
Table 1. 

Table 1. Characteristics of PS@SiC>2 particle systems used in the present study. 



sample ID 


M„ /(g/mol) 


WLflW„ 


tr/nm 2 


m(PS)/m(Si0 2 ) 


DP10 


1020 


1.08 


0.71 


0.12 


DP150 


15550 


1.21 


0.84 


2.5 


DP760 


80400 


1.32 


0.5 


7.5 


DP140 


14200 


1.09 


0.09 


0.22 
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Figures 2B, 2C, 2D, and 2E depict electron micrographs of the respective particle 
monolayers deposited on carbon film revealing the close-packed hexagonal arrangement of 
the particle samples with high polymer grafting density; indicative of hard-sphere type 
repulsive particle interactions. Analysis of the micrographs yields the estimated radius of the 
grafted polymer shell for particles DPI 50 and DP760, <rcpi 5 o) « 0.6 and (r D nw) = 20 nm, 
respectively, confirming a stretched conformation of PS chains for DPI 50 and extended-coil 
conformation for DPI '60. For low grafting densities (DPI 40) repulsive entropic interactions 
are reduced and a disordered particle arrangement is observed. 

After surface modification, all core/shell particle samples were soluble in toluene and 
dynamic light scattering was used to confirm the dispersion of the nanoparticles, evidenced 
by a single-exponential field autocorrelation function. Static light scattering of dilute 
solutions with equal number density of particles 5 x 10 13 ml/ 1 (i.e. constant cIM, with 
c denoting the mass concentration and Mthe molecular weight of the core-shell particle) were 
measured. The molecular weight of the particles is calculated assuming uniform particle 
diameter d = 20 nm and grafting densities and molecular weights of the grafted PS as 
provided in Table 1. With respect to the conclusions drawn from the experimental data this 
value provides an appropriate estimate since deviations; e.g., arising from the finite disparity 
of particle sizes, will affect all samples similarly. The data was used in order to infer the 
implications of particle architecture on the scattering cross-section. 

Figure 3 A depicts the angular dependence of the absolute scattered intensities (given 
in terms of the Rayleigh ratio R(q), with q = 4^? t oiuene/l" I sin6' denoting the modulus of the 
scattering vector, X the wavelength and 2 8 the scattering angle) of samples DP10 (0, c = 0.3 
mg/mL), DP140 (o, c = 0.3 mg/mL) and DPI 50 (□, c = 0.8 mg/mL). Whereas the scattered 
intensity of sample DPI 50 (and similarly DP760, not shown in Fig. 3 A) exhibits pronounced 
^-dependence, the scattering curves of DP 10 and DP 140 are found to be approximately 
angle-independent with the scattering intensity of DP 140 approximately equal to the solvent 
scattering. 

In general, the angular dependence of the scattered light for a dilute solution of 
particles with small phase shift (i.e. 2nd\(n e ^n m ) - « 1) is given by the Rayleigh-Gans- 
Debye approximation as I(q) = I(Q)P(q), with P(q) denoting the particle form factor to 
account for interference contributions. 1(0) is the forward scattered intensity that provides a 
measure for the overall scattering strength of the particles and can be determined by 
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extrapolation of I(q) to # = 0. Since established form factor relations are limited and are only 
applicable to core-shell particles close to the index-matching condition 1(0) will be 
approximated by experimental values at small scattering angles. 

Figure 3B depicts the scattered intensity R(q) at q = 9.16 x 10 6 m" 1 as function of the 
particle composition m(?S)/m(Si02) (corresponding to a scattering angle of 30 degree) for all 
particle samples, revealing a decrease in the scattering strength for sample DP '140 by two 
orders of magnitude as compared to DPI 50, four orders of magnitude as compared to DPI '60, 
and a decrease by 300% as compared to DP10. Scattering characteristics of PS@SiC>2 
particle systems at equal particle number density cIM. The reduction of forward scattering of 
sample DPI 40 confirms the approximate mdex-matching condition. The arrow indicates 
theoretical null-scattering composition 7w(PS)/m(Si02) ~ 0.19. The inset shows the refractive 
index increment for particle samples DP 10, DPI 50 and DPI 60 confirming that index- 
matching (i.e. dn/dc = 0) is expected for particle compositions /w(PS)/m(SiC>2) ~ 0.2, close to 
the theoretical value. 

Note that the mass composition of sample DP140 ff?(PS)/m(Si0 2 ) = 0.22 is close to 
the theoretical index-matching condition ffj(PS)/m(Si02) ~ 0.19. This result is supported by 
measurements of the refractive index increment (dn/dc) of the respective particles in solution 
that confirm index-matching conditions (i.e. (dn/dc) = 0) for a composition close to 
777(PS)/m(Si0 2 ) = 0.2. 

This exemplary non-limiting study demonstrates that the scattering cross-section of 
nano-particle inclusions within an embedding medium can be dramatically reduced by 
appropriate surface modification, such as to substantially match the effective refractive index 
of the resulting core-shell particle to the refractive index of the embedding medium (quasi- 
transparency condition) and that classical effective medium theory provides a viable means to 
predict null-scattering conditions. This approach pertains to a wide variety of embedding 
media (such as polymers, polymer gels or glasses), as long as the dispersion state of the 
particle inclusions is maintained. 

This approach offers new opportunities for the design of multi-functional particle 
coatings in which the polymer-functionalization serves a dual purpose: a) to facilitate 
compatibilization of the nano-particle with the embedding medium, and b) to suppress 
scattering contributions of the core by index-matching the core-shell particle with the 
embedding medium. For example, Table 2 provides a selection of common particle filler 
materials with appropriate composition of surface-grafted polymer to achieve index-matching 
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and compatibilization (the selected polymer pairs are chosen due to their respective negative 
Flory-Huggins interaction parameter [see, Y. S. Lipatov, A. E. Nesterov Thermodynamics of 
Polymer Blends, Polymer Thermodynamics Library, Vol. 1, Technomic Publishing Co., Inc., 
Lancaster, PA, 1997]) for a variety of matrix polymers. 

Table 2. Composition and architecture of selected polymer-coated particle systems for 



compatibilization and index-matching with the respective matrix polymer (calculated using 
Equation 2 and assuming an inorganic particle diameter of d = 20 nm). 



core (n) 


shell (n) 


matrix (n) 


/{shell) /nm 


Si0 2 (1.4631] 


PS-co-A 75/25 (1.57) 


PMMA (1.4893) 


1 


Si 0 2 (1.4631) 


PAA (1.527) 


PVA (1.5214) 


12 


Si0 2 (1.4631) 


PCS (1.6098) 


PS (1.5894) 


9.3 


ZnO (1.79) 


PMMA (1.4893) 


PS-co-A 75/25 (1.57) 


6 


ZnO (1.79) 


PVA (1.5214) 


PAA (1.527) 


25 


ZnO (1.79) 


PS (1.5894) 


PPO (1.643) 


5.4 


Al 2 0 3 (1.765) 


PMMA (1.4893) 


PS-co-A 75/25 (1.57) 


5 


A! 2 0 3 (1.765) 


PVA (1.5214) 


PAA (1.527) 


24 


AJj0 3 (1.765) 


PS (1.5894) 


PPO (1.643) 


5 


Ti0 2 (2.95) 


PMMA (1.4893) 


PS-co-A 75/25 (1.57) 


13 


Ti0 2 (2.95) 


PVA (1.5214) 


PAA (1.527) 


48 


Ti0 2 (2.95) 


PS (1.5894) 


PPO (1.643) 


17 



n denotes the refractive index; PS-co-A: polystyrene-co-acrylonitrile, PMMA: polymethyl 
methacrylate PAA: polyacrylic acid, PVA: polyvinylalcohole, PPO: polyphenylene oxide, 
PCS: polychlorostyrene, PS: polystyrene. 

While synthetic methodologies to achieve appropriate architectures are a challenge, 
the further development of polymerization techniques such as CRP that facilitate the control 
of both, grafting density and molecular weight of the surface-bound polymer allows one to 
tailor the composition of quasi-transparent particle additives for a wide array of filler and 
polymer compositions. 

A further advantage of all CRP processes is that in a "grafting from" functionalization 
of a particle surface, the growing chain end retains the active functionality and tethered block 
copolymers can be prepared. One can envision this as a dual shell nano-particle where the 
composition of the outer shell can be selected to dissolve in the matrix material whereas the 
composition of the incompatible inner shell can be selected to provide the required 
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modification of the refractive index of the composite structure to match the embedding 
matrix. 

A further embodiment of the process is that the grafting density and/or composition of 
the tethered (co)polymer chains can be adjusted so that the tethered chains can "dissolve" in 
the embedding matrix and provide a stable macro-composite structure comprising dispersed 
core/shell nano-particles in the matrix material while still providing the desired modification 
of the refractive index of the core/shell nano-composite. An example would be the 
preparation of a gradient copolymer that can only be prepared by a CRP. The tapered nature 
of the copolymer could be designed so that the outer segments of the tethered copolymer are 
more soluble in the matrix than the closer tethered units. 

A further embodiment of the process is that the refractive index of the core of the 
nanoparticles can be modified by filling any voids within the first formed core material with 
monomers that will comprise the core to provide a solid core material with a modified 
refractive index. 
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CLAIMS 

1 . A core-shell composite particle comprising: 

a core material having a first refractive index; and 

a shell material having a second refractive index different from the first refractive 

index, 

wherein the core-shell composite particle has an effective refractive index determined 
by the first refractive index and the second refractive index, wherein the effective refractive 
index is substantially equal to a refractive index of a targeted embedding medium. 

2. The core-shell composite particle of claim 1, wherein the core material is selected 
from the group consisting of an inorganic material and an organic material. 

3. The core-shell composite particle of claim 1, wherein the shell material is selected 
from the group consisting of an inorganic material and an organic material. 

4. The core-shell composite particle of claim 1 , wherein the shell material is an organic 
(co)polymeric material formed by a controlled (co)polymerization process. 

5. The core-shell composite particle of claim 4, wherein the organic (co)polymeric 
material is formed by a controlled radical (co)polymerization process. 

6. The core-shell composite particle of claim 4 or 5, wherein the shell material is grafted 
from at least a portion of a surface of the core material by a controlled radical 
(co)polymerization process, wherein the core material originally comprises surface terminal 
functionality comprising radically transferable atoms or groups. 

7. The core-shell composite particle of any of claims 4-6, wherein the controlled 
((co)polymerization process is a controlled radical (co)polymerization process selected from 
the groups consisting of atom transfer radical polymerization(ATRP), reverse ATRP, 
simultaneous reverse and normal initiation ATRP (SR&NI ATRP), initiator for continuous 
activator regeneration ATRP (ICAR ATRP), and activators regenerated by electron transfer 
ATRP (ARGET ATRP). 
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8. The core-shell composite particle of any of claims 1-7, wherein the first refractive 
index is greater than the second refractive index. 

9. The core-shell composite particle of any of claims 1-7, wherein the first refractive 
index is less than the second refractive index. 

10. The core-shell composite particle of any of claims 1-7, wherein the first refractive 
index has an equal or opposite sign of the refractive index dispersion compared to the sign of 
the second refractive index. 

1 1 . The core-shell composite particle of any of claims 1-10, wherein the difference 
between the effective refractive index and the refractive index of the embedding medium is ± 
0.05. 

12. The core-shell composite particle of any of claims 1-11, wherein the shell material has 
a graft density sufficiently high to prevent solvent/matrix interpenetration of the shell 
material. 

13. The core-shell composite particle of any of claims 1-11, wherein the shell material has 
a graft density sufficiently low to allow solvent/matrix interpenetration of the shell material. 

14. The core-shell composite particle of any of claims 1-13, wherein the core material and 
the shell material comprise incompatible segments. 

15. The core-shell composite particle of any of claims 1-14, wherein at least one of the 
core material and the shell material comprise crosslinked (co)polymer segments. 

16. The core-shell composite particle of any of claims 1-15, wherein upon suspension of 
the core-shell particle in the embedding medium to form a matrix, the matrix displays a 
reduced scattering cross-section of incident electromagnetic radiation compared to a matrix 
wherein the effective refractive index of the core-shell composite particle is not substantially 
equal to the refractive index of the embedding medium. 
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17. The core-shell composite particle of claim 16, wherein the matrix is substantially 
transparent. 

18. The core-shell composite particle of claim 1 6, wherein the matrix displays at least 
70% transmittance of incident electromagnetic radiation. 

19. The core-shell composite particle of any of claims 1-18, the core-shell composite 
particle having a particle size less than a wavelength of incident electromagnetic radiation. 

20. The core-shell composite particle of any of claims 1-19, wherein the core material 
comprises an inorganic material selected from the group consisting of a metal, a metal oxide, 
and a dielectric material, and the core material has a core size ranging from 2 nm to 500 nm. 

21 . The core-shell composite particle of any of claims 1-20, wherein the core material 
comprises an inorganic material selected from the group consisting of a metal, a metal oxide, 
and a dielectric material, and the core material has a core size smaller than the wavelength of 
the incident electromagnetic radiation for which scattering is to be substantially reduced. 

22. The core-shell composite particle of any of claims 1-19, wherein the core material 
comprises an organic material having a glass transition temperature less than room 
temperature. 

23 . A composite material comprising: 
an embedding medium; and 

the core-shell composite particle of claim 1 suspended in the embedding medium, 
wherein the composite material displays at least 90% transmittance of incident 
electromagnetic radiation. 

24. A process for forming a core-shell composite particle comprising: 
providing a core material having a surface comprising surface functionality 

comprising radically transferable atoms or groups; and 

grafting a (co)polymer shell material from at least a portion of the surface of the core 
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material by a controlled radical (co)polymerization process, 

wherein the core-shell composite particle has an effective refractive index determined 
by a refractive index of the core material and a refractive index of the (co)polymer shell 
material that is substantially equal to a refractive index of a targeted embedding medium. 

25. The process of claim 24, wherein the core material and the shell material comprise 
different constituents having equal or opposite signs of the refractive index dispersion. 

26. The process of claim 24 or 25, wherein providing a core material having a surface 
comprising surface functionality comprises functionalizing at least a portion of a surface of 
the core material with a reactive mixture of reactants having an initiator functionality and 
reactants having no initiator functionality, wherein the initiator functionality comprises a 
radically transferable atom or group and wherein a grafting density of the radically 
transferable atoms or groups on the at least a portion of the surface of the core material is 
controlled by the ratio of the reactants having the initiator functionality and the reactants 
having no initiator functionality. 
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